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ABSTRACT 
Electrochemical Impedance Spectroscopy (EIS) techniques are useful tools for being able to look at 
the characterisation of batteries under different conditions and/or with different material components. 
However, EIS analysis is mostly undertaken offline with bespoke equipment. This paper describes a 
method of undertaking EIS measurement on-line without the use of additional equipment by 
manipulating the earth leakage monitoring circuit to generate low frequency excitation signals to analyse 
a battery system connected to a dc/dc converter. This paper describes the methodology and presents 
some experimental results compared with off line EIS results generated with more traditional EIS 
equipment under the same conditions to illustrate the concept. 
INTRODUCTION 
One of the key issues with an energy storage system is to understand and control the power flow from 
the system to ensure optimum operation. Battery characterisation parameters such as battery impedance, 
state of health and state of charge of the battery are a useful representation of the battery conditions. 
These representations can be used to estimate the battery remaining lifetime, energy storage capacity, 
and degradation. 
Electrochemical impedance spectroscopy (EIS) [1] is a mostly off-line method of data measurement 
which looks at the electrical characteristics of a material or electrical component such as a battery or 
solar cells. It is a popular method because of its high level of accuracy and good visualisation through 
Nyquist diagrams of changes in the system. Additionally, subsequent analysis allows equivalent circuit 
representations and indications of different chemical processes within the battery. Replicating this 
technique within an online situation is not without challenges and some attempt has been made within 
published literature. Within the field of energy storage these can be split into those techniques which 
use additional hardware to generate a separate excitation circuit [2]–[6] and those that use the main 
power electronic circuitry [7]–[16] to generate that excitation signal. A separate excitation circuit 
requires additional hardware in the system which can be expensive. The use of the power electronic 
circuitry to inject an excitation signal can be divided into two types; techniques which add an additional 
component of excitation by manipulation of the main switching frequency of the power converters [7]–
[12] and techniques that generate a fundamental signal as the excitation signal from the power converters 
[12]–[14]. The first method can maintain a high frequency switching operation but at the cost of 
additional low frequency harmonics in the circuit, while the second method can only excite the circuit 
at the fundamental frequency which limits the ability of the circuit to undertake a full frequency sweep 
and generate useful information. It has also been shown that it is possible to generate an excitation signal 
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using power electronic controlled inductor based battery balancing hardware [15], [16]. 
This paper uses a completely different and novel method of injecting a low frequency excitation 
signal using existing hardware by manipulating the Earth Leakage Monitoring (ELM) hardware that 
may be present in the system. In the UK, earth leakage monitoring is required on any dc IT system, 
without an earth connection, with a voltage of over 50V [17]. There is a number of commercial earth 
leakage monitoring relays on the market. These are split between devices which detect and monitor both 
ac and dc circuits [18], [19] and those that look only at dc systems [20]. An example of the operation 
for these devices (there are others) is shown in Fig. 1. A low frequency power source applies a signal 
between the positive and negative terminals of the dc system and ground. This is designed so that 
negligible current flows through the monitor under normal operation when there is no fault. In the event 
of an earth fault, an earth leakage current is detected by the instrumentation. 
This paper looks at a new method of using an earth leakage monitoring system to inject the low 
frequency component necessary for on-line EIS measurement of the battery and then sweep this 
frequency across a range of values to replicate the functionality of the EIS without a need for a separate 
excitation circuit, while maintaining the earth leakage detection functionality. The battery, in this case, 
is connected through a dc/dc converter to a load. The battery voltage and current are measured and used 
to determine the harmonic impedance. The technique is conducted on-line with the battery system 
operating under normal operation. The changes to the earth leakage monitoring method means that, 
similar to a separate EIS excitation circuit, the power electronic circuit may see a small harmonic 
component not present under traditional ELM operation. 
The rest of the paper is organised as follows; the next section looks at the development of this 
technique, the following section presents modeling results of the technique. This is followed by the 
presentation of experimentally derived results validating the impedance calculated through the online 
technique with that calculated by Offline EIS measurement.  
THEORY 
The key requirement of this method is that it has to generate a low frequency waveform of variable 
frequency for the EIS calculation while at the same time ensuring normal operation of the power system, 
in this case, a converter and the earth leakage monitoring system. This work is based on using the 
hardware available in a standard dc-dc converter topology. The battery is connected to a boost converter 
(for convenience), while the terminals of the battery are connected to an earth leakage monitor (ELM) 
to detect any leakage current between the battery terminals and ground. The key to using the ELM 
hardware is to generate an excitation voltage across the terminal of the battery. Under existing operation 
there is a high leakage impedance to ground usually in the order of MΩ. The circuit looks like a 
Wheatstone bridge circuit and under traditional operation if the high impedance resistors are set equal 
in Fig. 1, the current through the battery would be zero as the leakage impedance from both terminals 
to ground is sufficiently high to be considered identical. This means that a small current exists in the 
circuit, but due to the low impedance of the battery (mΩ) it is difficult to pick up any current flowing 
through the battery to analyse.  
Fig. 2 shows some ways in which the circuit can be manipulated to increase the flow of earth leakage 
current through the battery system by deliberately skewing the current in the resistors connected to the 
positive and negative terminals of the battery. In this paper, the ELM is operated as a connection of two 
AC sources connected to the battery terminals through the high impedance resistors connected to a 
standard dc-dc converter as shown in Fig. 2. This is not unreasonable as most safety relays have two 
different sources. The frequency of the ELM source is swept over the frequency range for the EIS 
calculation. The ELM circuit also sees the input impedance of the power converter and load and 
therefore there may be an additional noticeable ac ripple component present in the power electronics 
from the ELM. 
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Fig.  1 : A representation of earth leakage monitoring circuit operation 
 
 
Fig.  2 : Different methods of generating an excitation signal through ELM equipment 
The ELM signal adds to the normal circuit operation through super-position to create additional ripple 
across the battery. To determine what this extra ripple will be – it is necessary to consider the small 
signal model of the boost converter under open loop control (in this case with ideal components). When 
the switch is on: 
௕ܸ௔௧ = 	ܮ
݀ܫ௕௔௧
݀ݐ 	 
( 1 )
ௗܸ௖
ܴ௅ = −ܥ
݀ ௖ܸ
݀ݐ  
( 2 )
When the switch is off: 
௕ܸ௔௧ = 	ܮ ௗூ್ೌ೟ௗ௧ + ௗܸ௖  ( 3 )
ௗܸ௖
ܴ௅ = ܫ௕௔௧ − ܥ
݀ ௗܸ௖
݀ݐ  
( 4 )
To power 
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Where ௕ܸ௔௧ and ܫ௕௔௧	are battery voltage and current, ௗܸ௖	is the converter output voltage, L, C and ܴ௅ 
are converter inductor, capacitor and load resistor. For a small signal model, averaging, perturbation and 
linear approximation are used. The averaged equations are: 
തܸ௕௔௧ = 	ܮ ௗ	(	ூ್ೌ೟)ௗ௧ + (1 − ݀̅) തܸௗ௖  
( 5 )
തܸௗ௖
ܴ௅ = (1 − ݀̅)ܫ௕̅௔௧ − ܥ
݀ തܸௗ௖
݀ݐ  
( 6 )
In this work the duty cycle, d, is fixed, but the voltage ௕ܸ௔௧ can be considered subject to a small 
perturbation caused by the ELM low frequency injection. 
തܸ௕௔௧ + ݒ෤ா௅ெ = 	ܮ ௗ	(	ூ್ೌ೟ାప̃ಶಽಾ)ௗ௧ + (1 − d)( തܸௗ௖+ ݒ෥ௗ௖)  
( 7 ) 
തܸௗ௖+	ݒ෥ௗ௖
ܴ௅ = (1 − ݀)(ܫ௕̅௔௧ + ଓ̃ா௅ெ) − ܥ
݀(ܸതതതௗ௖+ ݒ෥ௗ௖)
݀ݐ  
( 8 ) 
Where ݒ෤ா௅ெ	and ଓா̃௅ெ	are the earth leakage voltage and current as seen by the battery. Using 
linearisation, a set of DC equations can be obtained as follows: 
തܸ௕௔௧ = 	 (1 − d) തܸௗ௖  ( 9 )
തܸௗ௖
ܴ௅ = (1 − ݀)ܫ௕̅௔௧ 
( 10 )
Giving a DC input impedance to the power electronic converter of: 
ܼ̅௉ா = 	 ௏ഥ್ೌ೟ூ್̅ ೌ೟ = (1 − d)
ଶR௅  ( 11 )
From the parameters in Table I. This approximates to: 
ܼ̅௉ா = 16(1 − 0.6)ଶ ≈ 2.56Ω ≫ ܼ஻஺் ( 12 )
A similar set of equations for the AC signal can be obtained: 
ݒ෤ா௅ெ = 	ݏܮଓா̃௅ெ + (1 − d)	ݒ෥ௗ௖  ( 13 )
	ݒ෥ௗ௖
ܴ௅ = (1 − ݀)ଓ̃ா௅ெ − ݏܥ	ݒ෥ௗ௖ 
( 14 )
Substituting gives 
ೡ෥ಶಽಾష	ೞಽഢ̃ಶಽಾ
(భషౚ)
ோಽ = 	 (1 − ݀)ଓ̃ா௅ெ − ݏܥ
௩෤ಶಽಾି ௦௅ప̃ಶಽಾ
(ଵିୢ)   
( 15 ) 
̃ݖ௉ா = 	 ௩෤ಶಽಾప̃ಶಽಾ =
ோಽ(ଵିௗ)మା௦௅ା௦మ஼ோಽ ௅
(ଵା௦஼ோಽ)     
( 16 ) 
At a value of 125Hz using the parameters from Table I gives an impedance of 315mΩ which is again 
greater than the battery impedance. The high impedance resistance is set to 10Ω and the two sources 
have the same magnitude but a phase shift of 45o.   
The earth leakage current in the event of a fault would register a current of approx. 2A rms: 
ܫா௅ெ ≈ 	1.2 ቀݏ݅݊(߱ݐ) + sin	(߱ݐ + గସ)ቁ  ( 17 )
ܫா௅ெ ≈ 	2.21 ൬ݏ݅݊ ቀ߱ݐ + గ଼ቁ൰  
( 18 )
While the voltage across the battery under normal operation can be calculated to be approximately: 
௕ܸ௔௧௧,௔௖ ≈ ௓್ೌ೟೟௓್ೌ೟೟ାଶ଴ 12 ቀݏ݅݊(߱ݐ) − sin(߱ݐ +
గ
ସ)ቁ  ( 19 )
௕ܸ௔௧,௔௖ ≈ ௓್ೌ೟೟௓್ೌ೟೟ାଶ଴ 	9.2 ൬ݏ݅݊ ቀ߱ݐ +
గ
଼ቁ൰  
( 20 )
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This gives a peak of approximately 5mV which is small but detectable through the scope probes an 
in keeping with the magnitude of the off-line EIS equipment and similar values published in literature 
[21]–[24]. Within this circuit, it is therefore possible to detect both an earth leakage current and a small 
EIS signal. 
The increase in battery ripple current is the result of the super-position of the ELM produced current 
in conjunction with the normal ripple current from the boost converter operation. This can be seen in 
Fig.  3 which shows the ripple current through the battery (blue) is equal to the super-position of the 
battery current with no ELM (orange) and the small signal battery current which is a function of the 
ELM (grey). 
The increase in current compared to the scenario with no ELM is therefore: 
ݎ݅݌݌݈݁	݅݊ܿݎ݁ܽݏ݁ = 1 + ప್̃ೌ೟,ೌ೎ூ್ೌ೟ = 1 +
వ.మ
ೋ್ೌ೟శమబభ
ಽௗ ೞ்௏್ೌ೟
= 1 + ଽ.ଶ௅(௓್ೌ೟೟ାଶ଴)ௗ ೞ்௏್ೌ೟   
( 21 )
The ripple increase is a function of the impedance of the battery. As the battery degrades, its 
impedance increases resulting in a less accurate calculation.  
Fig.  3 : Ripple current through the battery 
Fourier analysis can also be used to study the current waveform seen by the battery. In steady state 
condition the inductor current over one switching cycle in boost mode in an ideal converter can be 
calculated as: 
∆݅௢௡ = 	 ଵ௅ ( ௕ܸ௔௧ + ݒ෤ா௅ெ)݀ ௦ܶ  ( 22 ) 
∆݅௢௙௙ = 	 ଵ௅ ( ௕ܸ௔௧ + ݒ෤ா௅ெ − ௗܸ௖)( ௦ܶ − ݀ ௦ܶ)  ( 23 ) 
∆݅௢௡ + ∆݅௢௙௙ = ଵ௅ ( ௕ܸ௔௧ + ݒ෤ா௅ெ)݀ ௦ܶ +
ଵ
௅ ( ௕ܸ௔௧ + ݒ෤ா௅ெ − ௗܸ௖)( ௦ܶ − ݀ ௦ܶ)  ( 24 ) 
Simplification gives: 
∆݅௢௡ + ∆݅௢௙௙ = ଵ௅ ௕ܸ௔௧݀ ௦ܶ +
ଵ
௅ ( ௕ܸ௔௧ − ௗܸ௖)( ௦ܶ − ݀ ௦ܶ) +
ଵ
௅ ݒ෤ா௅ெ ௦ܶ  ( 25 ) 
By substituting (18) in (25): 
∆݅௢௡ + ∆݅௢௙௙ = ଵ௅ ௕ܸ௔௧݀ ௦ܶ +
ଵ
௅ ( ௕ܸ௔௧ − ௗܸ௖)( ௦ܶ − ݀ ௦ܶ) +
ଵ
௅
௓್ೌ೟೟
௓್ೌ೟೟ାଶ଴ 9.2 ൬ݏ݅݊ ቀ߱ݐ +
గ
଼ቁ൰ ௦ܶ  ( 26 ) 
Fourier analysis of this current can then be undertaken. 
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MODELLING  
To help validate the methodology, it is useful to simulate the circuit and compare the output 
waveforms with those generated theoretically and experimentally. To undertake a circuit simulation, the 
impedance of a battery, an A123 Lithium-ion phosphate with 2.5 Ah capacity, for use in the model was 
found by EIS measurement and represented in a MATLAB simulation as an equivalent circuit as shown 
in Fig.  4. 
Fig.  4 : Equivalent circuit model of the Li-Ion battery 
The battery component values were estimated from the off-line EIS measurement of the battery under 
100% state of charge at room temperature. The boost converter was designed such that it operated in 
continuous conduction mode at a switching frequency of 2kHz with a duty cycle of 0.6 for a battery 
voltage of 3.21V. Table I represents the estimated battery equivalent circuit parameters and boost 
converter components. The ELM hardware was fixed so that the two sources were used to produce a 
value of 12V with a phase difference of 45˚, while the high impedance resistors were set to 10Ω. 
Table I : Battery parameters estimated from offline EIS and converter details 
Battery Parameters  Values Boost converter 
Components 
Specifications 
ܴଵ(Ω) 0.0069  Inductance 380μH, 20 A ,Toroidal 
ܴଶ(Ω) 0.0056  Capacitance 13600μF, 16V Electrolytic 
ܴସ(Ω) 0.00089  Load 16Ω resistor 
ܥܲܧଵ 3.36  Switch MOSFET FDPF045N10A, 100 V, 67 A, 4.5 mΩ 
ܥܲܧଶ 0.43  Diode HER204G Rectifier Diode (max 2A) 
EXPERIMENTAL RESULTS 
The experimental setup used to look at on-line low frequency impedance measurement as described 
above is shown in Fig.  5. The impedance at different frequencies was calculated by measuring the 
battery voltage and current using a Lecroy 100MHz current probe and a Tektronix P2220 200MHz 
voltage probe for convenience, but an ACS712 current sensor and IL300 voltage sensor measurement 
device linked to the controller have also been used to get the same results. 
Fig.  6 shows the experimentally captured battery current and voltage both without the ELM and with 
the ELM operating at a low frequency of 125Hz. The injected low-frequency using the ELM creates 
added ripple to the battery current which is clearly visible. The resulting waveform is the result of the 
superposition of the boost converter and the ELM current signals. A comparison of the experimental 
and simulation key parameters are shown in Table II. The experimental values of the load output voltage 
and ripple and the load current and ripple are lower than the simulation values. This is because of the 
non-ideal and non-linear components present in the experimental setup that aren’t included in the 
modelling including, diode, mosfet, and ESR resistances. In both the experimental setup and the 
simulation model, the boost ratio, load current and voltage remain the same as the circuit with no ELM 
hardware. Fig.  7 shows the harmonic analysis of the experimentally measured and theoretically 
calculated battery current from (26) using the ELM method. Both low frequency and switching 
frequency harmonics are observed in the harmonic spectrum of the current. 
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Fig.  5 : Experimental set up 
                
Fig.  6 : Li-ion battery current (green) and voltage (yellow) waveforms, when the battery is operating with PWM 
at a fixed duty cycle and (a) no ELM (b) the ELM is operating at 125Hz. 
Table II: Comparison of the base circuit data with the ELM circuit at 125Hz  
 Experimental  
Fixed Duty Cycle Earth Leakage connected to the converter 
Average Value Peak-Peak ripple Average Value Peak-Peak ripple 
ܫ௕௔௧  1.18 A 1.49 A 1.25 A 1.77 A 
௕ܸ௔௧ 3.21 V 12.5 mV 3.2 V 24 mV 
ܫ௟௢௔ௗ  420 mA 10 mA 420 mA 10 mA 
ௗܸ௖ 6.89 V 67 mV 6.88 V 67 mV 
 
 Simulation 
Fixed Duty Cycle Earth Leakage connected to the converter 
Average Value Peak-Peak ripple Average Value Peak-Peak ripple 
ܫ௕௔௧  1.55 A 2.42 A  1.7 A 3.32 A 
௕ܸ௔௧ 3.21 V 16.8 mV 3.2 V 24 mV 
ܫ௟௢௔ௗ  456 mA 0.7 mA 455 mA 0.7 mA 
ௗܸ௖ 7.3 V 11.1 mV 7.3 V 11.8 mV 
 
Ibat= 1.77A
Vbat= 24mV 
Time Period = 0.008 
(b)(a)
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The experimental increase in battery ripple current is 19% compared to a theoretical increase of 18% 
from (21). 
 
Fig.  7 : (a) Experimentally (b) Theoretically derived harmonics of the Li-ion battery current signal 
with an ELM signal at a low frequency of 125Hz 
 
From the recorded values of battery current and voltage the low frequency component is extracted 
and the voltage divided by the current to give the complex impedance at that frequency. To verify the 
proposed method is suitable for on-line EIS applications, the calculated battery impedance data from 
experimental and simulation were compared with offline measured EIS data. This is shown in Fig.  8, 
as impedance data presented in three typical impedance formats; amplitude, phase, and complex plots. 
The measured complex impedance of the Li-ion battery from off line EIS measurement equipment (in 
red), experimental test (in blue dots), and simulation (in black) is shown. Results are similar from all 
three sources. 
 
CONCLUSION  
 This paper presents an analysis of a method to extract the harmonic impedance of a battery under 
normal operation by injecting a low frequency excitation signal using earth leakage monitoring 
hardware. The impact of the magnitude of that variation on the battery ripple current has been shown 
and simulated. This excitation can be used to look at the harmonic impedance of the battery under 
operation. The methodology has been experimentally validated and a Nyquist plot of a battery produced 
using this methodology compared to an off-line EIS measurement has been produced while the battery 
was operating in boost mode. There is still much work to be done in this area including modifying the 
modeling to include non-ideal components, determining the impact on discontinuous boost operation 
and closed loop control. However, this paper provides valuable insights into the trade-off in ripple 
current with convenient impedance measurement and suggests that this may be a valid method for 
monitoring online impedance. 
 
 
(b) 
Switching frequency harmonic 
125 Hz harmonic
(a)
Switching frequency harmonic
125 Hz harmonic 
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Fig.  8: (a) Impedance Nyquist plot (b) Impedance amplitude bode plot (c) Impedance phase bode 
plot of the Li-ion battery with EIS (red), Simulation (black), and Experimental results (blue dots) 
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